Introduction
A corner cube reflector (CCR) consists of three perpendicular mirrors, which form a concave corner. Because of the mutual orthogonality of the mirrors, light incident on the device is reflected directly back to its source. CCRs have a wide range of applications, including use as targets to measure positions and orientations accurately [1, 2] , as laser cavity mirrors [3, 4] , as street signs and road markings, and as reflective devices to study the scintillation that arises when light propagates in a turbulent atmosphere [1, 5] . While many applications only require fixed CCRs, devices that can be modulated are of considerable interest in free space optical communication.
There are two common methods of modulating the light intensity reflected by a CCR.
The first method involves placing a shutter directly in front of the CCR. Mechanical shutters capable of blocking a large device may be both heavy and slow. Transmissionmodulating optical switches based on GaAs multiple quantum wells (MQW) have therefore been proposed as an alternative for high-speed operation [6, 7] . The transmission of a MQW shutter can be modulated by a moderate voltage (~ 15 V) up to 5 Mbit/s. However, it is still necessary to fabricate a separate CCR.
The second method is to modulate the retroreflection of the CCR itself. By intermittently misaligning one or more mirrors, the retroreflection may be destroyed, allowing a modulated optical signal to be transmitted back to the source. CCRs have therefore been
proposed for the transmission of coded information in free-space communication links, for example between vehicles [8, 9] . Because CCR transmitters have extremely lower power consumption, they are appropriate for sensing systems that use a central controller to collect data from a number of randomly placed, self-powered sensor nodes transmitters or 'motes' in the 'Smart Dust' project [10, 11] .
In principle, micro-electro-mechanical systems (MEMS) technology allows low-cost, compact CCRs to be integrated with sensors and CMOS circuits. Unfortunately, the fabrication tolerances are extremely tight, since imperfections and misalignment of the mirrors can rapidly result in low optical performance [12] . Early CCR devices [13] were fabricated as polysilicon optical MEMS, for example using the Multi-User MEMS Process (MUMPS) [14] , with mirrors folded out-of-plane on micromachined staple hinges [15] . However, stress-induced curvature in the polysilicon and slop in the hinges seriously degraded optical performance, even with improved hinge designs [16] .
In addition, assembly of early CCRs either involved manual operation of a microprobe [13] , or a dedicated on-chip micro-actuator [17, 18] . Both approaches are unsatisfactory; the former is extremely time-consuming, even when parts are linked together to speed assembly [19] , while the latter can require a complex mechanism with a large chip area.
Several alternative methods of powering out-of-plane rotation have been proposed, including magnetic actuation [20] and stress [21] , but these have yet to demonstrate the required accuracy from complex optical structures.
Zhou et al. therefore suggested a new fabrication process to improve both the alignment and the flatness of the mirrors using bonded silicon-on-insulator (BSOI) wafers [22] .
Vertically oriented mirrors are plug-connected into micromachined features on the bonded BSOI substrate as shown in Figure 1b . The vertical and horizontal mirrors are all formed as thick single-crystal silicon parts, and the CCR is operated as a modulator by tilting the horizontal mirror using a microactuator built into the main BSOI wafer.
Although this method has resulted in devices of extremely high quality, the assembly process is still manual.
In this paper, we describe the first mass parallel, automated assembly method suitable for CCRs [23] . The process involves an extremely simple two-mask process based on surface tension powered self-assembly. Because of its advantageous scaling, surface 4 tension may overwhelm gravitational force in the microstructure size domain and may easily lift millimetric parts [24] . Small meltable pads power out-of-plane rotation. Both solder [25, 26] and photoresist [27, 28] are candidate materials. Here, we use the latter, since it has been shown to offer accurate and controllable assembly at low process temperatures. We also use parts formed in BSOI for high flatness, and a mechanical limiter [27] to ensure alignment accuracy. The design of a self-assembling CCR structure is considered in Section 2. Fabrication is described in Section 3, and the performance of completed devices in Section 4. Precise assembly and modulation of active CCRs are both demonstrated. Conclusions are presented in Section 5.
Self-assembling CCR Design
In this section, we consider the overall design of a self-assembling CCR. The target arrangement would ideally be as shown in Figure 1b , because this topology allows both the simultaneous fabrication and the simultaneous operation of four separate corner reflectors, giving all-round coverage. Unfortunately, such an assembly would require an initially multilayer mechanical structure, which is difficult to achieve using parts formed in standard BSOI wafers. We therefore concentrate on single corners, assuming that the penalty involved in fabricating multiple corners by a self-assembly process is chip area and yield rather than assembly time.
Although it would be possible to form a single corner with the arrangement denoted Type A in Figure 2a , even this reduced structure requires two 90 o out-of-plane rotations.
Previously, we have found 90 o self-assembly (although possible) to be less reliable and less accurate than 45 o rotation [28] . Furthermore, the part count is relatively high. If a mechanical limiter is to be used, an above-substrate 'stop' for the 90 o rotating part must first be created by a previous assembly step. Formation of the stop typically involves two counter-rotating parts, so that three moving parts are needed. A Type A CCR therefore requires a total of 2 x 3 = 6 self-assembled parts.
Because a reduction in the number of movable parts is key to reliability and precision in self-assembly, we have adopted the alternative arrangement denoted Type B, which is In our experiments, we have used this arrangement to construct passive CCRs and also active CCRs that can act as retro-reflection modulators. Figure 3b shows how the Type B assembly is adapted to create an active CCR. Each of the 45 o mirror planes is modified to mount a torsion mirror scanner, which can be rotated away from its aligned position to destroy the retro-reflection. The rotation is powered by a skewed electroststic drive, which attracts the lower edge of the mirror down towards the substrate.
CCR Fabrication, Layout and Assembly
In this Section, we describe the overall fabrication process and the layout and assembly of the two types of self-assembled CCR subsequently investigated.
a) Fabrication
Fabrication is based on a previously developed two-mask process [27, 28] , shown in Figure 3c and involving the following steps:
1. Patterning and etching of fixed and movable parts on a BSOI substrate.
2. Patterning of thick pads of photoresist linking fixed and movable parts.
3. Sacrificial etching of the underlying oxide to free the movable parts.
4. Freeze-drying to remove wash water without sacrificial layer collapse.
5. Out-of-plane rotation of the movable parts by melting the photoresist.
6. Metallisation to allow electrical contact and improve reflectivity.
Mechanical parts were formed in BSOI with a nominal bonded silicon thickness of 5 µm and an oxide interlayer thickness of 2 µm. Later step profile measurement showed that the bonded thickness was actually 3.5 µm. The wafers were obtained commercially from Analog Devices Belfast, and patterned with a photoresist surface mask.
Lithography was carried out using a UV mask aligner under vacuum contact. Etching was carried out using a Surface Technology Systems Single-Chamber Multiplex inductively coupled plasma etcher equipped with a dual-frequency plasma excitation source to allow stop-on-oxide processing without lateral etching.
Self-assembly was powered by pads of Shipley AZ4562 photoresist, with a thickness of 12 µm and width of 32 µm. Spin-coating was carried out in a Karl Süss Gyrset spinner equipped with a rotating wafer cover to control the local air flow. To achieve uniform coverage during spin coating, it was important that the wafers contained few large, open, etched areas, especially near the location of hinge driver pads. Before sacrificial leyer etching, the resist was pre-melted to improve adhesion. Sacrificial etching was carried out by extended (3 hour) immersion in buffered HF, with frequent washing to remove evolved gas bubbles. Freeze-drying was carried out in a water-methanol mixture using Edwards Modulyo equipment.
Melting was carried out in a convection oven. Control of the resist melting temperature was extremely important. At low temperatures, the mechanical parts did not rotate sufficiently to form right-angled corners. At high temperatures, the hinge driver pads The two halves of the comb initially interlock. There are 29 fingers on the moving half and 28 on the fixed half. The finger length and width are 60 µm and 6 µm, respectively, and the finger separation is 2 µm. Un-perforated parts, which will not be released by the sacrificial etch, block out some open areas to improve planarization during resist coating.
After assembly, the two electrodes form a skewed electrostatic comb drive. The fixed electrode is electrically isolated from the surrounding land, so that the assembled mirrors may be driven using a voltage applied between the fixed electrode and the land. Electrical contact between the movable mirror, its supporting frame, and the land is provided by the sputtered metallisation, which forms a conducting coating over the hinge driver pads. Figure 6b shows a completed active CCR, which has again assembled as expected.
Optical performance
In this Section, we described the assembly accuracy of CCRs, and the performance of active devices, considering first individual scanners and then CCR operation.
a) Assembly accuracy
The alignment precision of assembled active and passive CCRs was measured by retroreflection, using a HeNe laser mounted on a calibrated rotation stage. Table 1 
b) Mirror scanners
The performance of individual scanners was determined by removing one of the two scanners in a CCR assembly, and measuring the scan line achieved when a HeNe laser was incident on the other scanner at 45 o as shown in Figure 7a . The substrate and the moving electrode were held at a common potential, and a sinusoidal drive voltage was applied between the fixed and moving electrodes so that an actuation torque was generated, as shown in Figure 7b . This behaviour may be explained using simple theory as follows. For a damped, driven second-order system comprising a moment of inertia I mounted on a torsion element of stiffness k, the equation of motion is [30] :
Here, θ is the turn angle, T(θ) is the driving torque, ω r = √(k/I) is the angular resonant frequency, and ζ is the damping coefficient. For an electrostatically-driven system, the torque is given by (see e.g. [31] ):
Here, V is the voltage, and C is the electrode capacitance. For a skewed electrostatic comb drive, C depends on the angle θ in a complicated manner. The capacitance may be found numerically or quasi-analytically; for an example, see [32] . A full calculation of the variation is beyond the scope of this paper, but in general, we may write near θ = 0:
∂C/∂θ = c 0 + c 1 θ + c 2 θ 2 + …. contains both θ and t. This feature implies that the response will be non-linear when c 1 is non-zero, so that higher harmonics will be introduced into the response when the deflection is large. Secondly, the coefficient of θ has altered, and the effective angular resonant frequency ω re has become:
Using a binomial approximation, we obtain ω re = ω r -c 1 
c) Performance of active CCRs
Signal modulation and the data transmission performance of an active CCR was then measured, using the arrangement shown in Figure 8a . A pellicle beam splitter was used to redirect a HeNe laser beam retro-reflected from an active CCR onto a silicon photodiode. The optical signal generated when the CCR was driven from a signal generator was then detected by the photodiode and passed to an oscilloscope. The path length from the CCR to the photodetector was 50 cm. arising from the 6-sided polygonal aperture of the device [22] . In this case, the pattern is less distinct, because the polygon is no longer a regular hexagon, but it still contains some structure. As a result, the peaks in the detected signal also have sidelobes.
However, we have found that the fringe pattern becomes much less distinct as the path length increases, and only single, sharp resonant peaks are generated. The high degree of symmetry of the response again suggests good initial alignment. Figure 8c shows the detected signal obtained when the active CCR is modulated using a 26 V square wave at a frequency of 20 Hz. At both the upward and downward steps in voltage, the second order dynamics of the torsion mirrors gives rise to decaying oscillations at the resonant frequency, so that about 7.5 ms is required to stabilise fully the mirror position and hence the detected signal. There is some evidence of 'beating' between the oscillations of the two individual mirrors. However, their decay is exponential to a reasonable approximation.
This behaviour may again be compared with simple theory, as follows. For small signals and light damping, the solution to Equation 1 for a step excitation is:
Here, θ f is the final angle. The damping factor ζ may be estimated from the time τ needed for the oscillations to decay to 1/e of their initial value, namely τ = 1/2πf r ζ. In this case, τ = 2.65 msec, so that ζ = 0.026.
This value may be related to the quality factor (Q-factor), which is a measure of energy loss per cycle to the energy stored. For high Q values, Q = ω r /∆ω, where ∆ω is the difference between the half-power frequencies ω 1 and ω 2 . The Q-factor varies with the peak scan angle. Using data from Figure 7c , we obtain Q ≈ 20 at small deflections. At higher deflections, the apparent Q-factor decreases, but its definition is questionable because of the non-linear effects previously described. The Q-factor may also be estimated from the damping factor as Q = 1/2ζ. In this case we obtain Q = 19.25, in good agreement with the results obtained from the frequency response data.
A mechanical modulator with a resonance in the kHz range should in principle have a bit rate that is measured in kbit/s. Unfortunately the long settling time obtained when the damping is low considerably reduces the effective bit rate. To transmit distinguishable signal values, transient oscillations should be allowed to decay sufficiently between bits.
After a time t = 2τ, the oscillations will have decayed to ≈ 13% of their initial amplitude, while the corresponding value for t = 3τ is ≈ 5%. Taking τ ≈ 2.5 msec then yields a bitrate of between 133 and 200 bit/s. 16 The signal-to-noise ratio (SNR) can be defined as SNR = 20 log 10 (A signal /A noise ), where A signal is the difference in signal between turn-on and turn-off, and A noise is the amplitude of the steady-state noise. Zhou et al. have suggested that a bit-error probability of 10 -6 requires a SNR of 19.5 dB [22] . In Figure 8c , the SNR is around 25.6 dB, which is already adequate. In fact, the SNR can be improved by increasing the mirror deflection angle. Figure 9a shows the relation between SNR and the square of the applied voltage.
Here, the data were obtained by comparing the signal with digitally extracted noise in the steady-state region of measured traces similar to 
